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FIELD PERFORMANCE OF CONTINUOUSLY REINFORCED CONCRETE

PAVEMENT IN ILLINOIS

INTRODUCTION

The majority of the pavements on the lllinois Interstate highway system (over
4,267 two-lane km [2,650 miles]) were originally constructed as continuously reinforced
concrete pavements (CRCP). The first CRCP project in Illinois was constructed in 1947
on route US 40, west of Vandalia. This experimental project, still in service after 50
years, demonstrated the effect of longitudinal steel content and slab thickness on CRCP

performance.

The data used in this study were collected in five field surveys conducted by
IDOT in 1977, 1985, 1987, 1989, and 1994 and stored in the Illinois Pavement Feedback
System (IPFS). The 1994 survey was conducted using video taping. Extensive data
quality control was conducted as part of this study. The valuable results of several
studies of Illinois CRCP have been used to improve the design and construction of CRCP

throughout the years and are documented in the literature. (1, 2, 3, 4, 7)

DESCRIPTION OF ILLINOIS CRCP

The 1994 data in the Illinois Pavement Management software (ILLINET) show
that there are 786 CRCP pavement management sections on the Illinois freeway system

(in two directions). These sections were built between 1955 and 1994. As shown in table



1, about 96 percent of Tllinois CRCP designs have ranged in thickness between 178 mm
(7 in) and 254 mm (10 in). A few 153-mm (6-in) thick sections have been built, as have
279- to 330-mm (11- to 13-in) thick sections in recent projects. About 52 percent of
these pavements have exhibited D-cracking, which has a very detrimental effect on
performance. The 1994 pavement management data show that about 36 percent of these
pavements have been overlaid. A survival analysis of these pavements conducted in
1997 showed that, on average, all CRCP designs have carried more equivalent single axle
loads (ESALs) than they were designed for and have lasted longer than their design life.
(5) The mean age and ESALSs at time of overlay and design ESALs are summarized in

table 2.

Table 1. CRCP thickness designs in Illinois Freeway System.

Thickness, mm (in) Number of | Length, km (mi) | Percent
Sections Length

<178 (7) 8 93.7 (58.2) 2.2

178 (7) 84 562.2 (349.2) 13.2

203 (8) 368 2038 (1265.8) 47.8

229 (9) 182 843.9 (524.2) 19.8

254 (10) 123 663.7 (412.3) 15.5

279 t0 330 (11 to 13) 21 64.2 (39.9) 1.5

Table 2. Survival of Illinois CRCP designs without D-cracking. (5)

Thickness, Mean Age at Time | Mean ESALs at Time | Design ESAL,
mm (in) of Overlay, Years of Overlay, millions millions
178 (7) 25 12 2
203 (8) 23 16 5
229 (9) 29 34 10
254 (10) 22 39 21
2



DATA PREPARATION AND SUMMARIZATION

The data used in this study were collected in five field surveys conducted by

IDOT and stored in the IPFS database. IDOT’s surveys consist of sampling 10 percent of

the pavement management section within each mile. An electronic database was

compiled in 1993 based on the first four surveys and additional data from the Vandalia

CRCP experiment study. (4) The results of the fifth survey were added to the 1993

database as part of this study. The database attributes that are used in this study include

the following:

Section location: route name, direction, beginning and ending mileposts.
Slab thickness: 178, 203, 229, or 254 mm (7, 8, 9, 10 in).

Longitudinal steel: ranging from 0.3 to 1.0 percent of slab cross-sectional
area.

Steel placement method: chairs or tubes.

Base type and thickness: bituminous-aggregate mixture (BAM), cement-
aggregate mixture (CAM), or untreated granular base (GRAN).

Age: ranging from 1 to 27 years.

Cumulative ESALSs: ranging from 1 to 63 million.

Average annual Freezing Index: ranging from zero to 660 degree-days.
Average annual temperature: ranging from 50 to 64 °F.

Average annual precipitation: ranging from 635 to 1,016 mm (25 to 40 in).

D-cracking: exists or does not exist.



The database contains information about 2,791.6 km (1,733.9 miles) (two
directions) of Illinois CRCP divided into 476 sections and is shown in the appendix.
About 40 percent of the total length of these sections exhibit D-cracking. As shown in
table 3, most designs have ranged in thickness between 178 and 254 mm (7 and 10 in).
Base types commonly used in Illinois CRCP are shown in table 4. Base types are mainly
bituminous-aggregate mixtures, with some untreated aggregate and cement-aggregate
mixtures. Occasionally, Pozzolanic aggregate mixtures and lean concrete bases are used

in Illinois CRCP.

Table 3. Summary of data used in the analysis by thickness desigri.

Thickness, mm (in) Number of | Length, km (mi) | Percent
Sections Length

<152 (6) 1 0.9 (0.6) 0.03

178 (7) 54 427.7 (265.7) 15.3

203 (8) 263 1591.8 (988.7) 57.0

229 (9) 123 662 (411.2) 23.7

254 (10) 32 99.7 (61.9) 3.6

279 t0 330 (11 to 13) 3 9.7 (6) 0.4

Table 4. Summary of data used in the analysis by base type.

Base Type Number of | Length, km (mi) | Percent
Sections Length
BAM 407 2362.8 (1467.6) 84.6
CAM 37 300.6 (186.7) 10.8
GRAN 17 66.8 (41.5) 2.4
No Base 15 61.4 (38.1) 2.2

Table 5 shows that the vast majority of the pavements (about 94 percent) have a
steel content from 0.6 to 0.65 percent or 0.7 to 0.8 percent. Eight sections with 0.3, 0.5,

0.7 and 1.0 percent steel are experimental pavements built on US 40 (west of Vandalia)



in 1947. Table 6 shows that about half of the pavements have had steel placed on chairs
and the other half have had steel placed by tubes. About 90 percent of the pavements
have had deformed bar reinforcement, and about 10 percent have had deformed welded

wire fabric reinforcement (mesh).

Table 5. Summary of data used in the analysis by steel content.

Longitudinal Steel, Number of | Length, km (mi) | Percent
percent Sections Length
0.3 to < 0.55 5 5.8(3.6) 0.2
0.55t0<0.6 12 26.1 (16.2) 0.9
0.6 to < 0.65 371 2134.1 (1325.5) 76.4
0.65 to < 0.7 20 126.5 (78.6) 4.5
0.7t0 0.8 66 496.7 (308.5) 17.8
1.0 2 2.6 (1.6) 0.1

Table 6. Summary of data used in the analysis by steel type and placement method.

Reinforcement Parameter Number of Length, km (mi) Percent
Sections Length

Steel Type

Bars 415 2528.7 (1570.6) 90.6

Mesh 61 262.9 (163.3) 9.4

Steel Placement Method

Chairs 262 1402.4 (871.1) 50.2

Tubes 214 1389.2 (862.9) 49.8

The data were examined thoroughly to uncover any errors. Data examination

included the following activities:

e Scatter plots.

¢ Each data point was assigned a code as follows:

0, data is acceptable (trends appear reasonable)

1, number of failures per 1.61 km (1 mile) is greater than 50




2, number of failures per 1.61 km (1 mile) is greater than 100
3, unrealistic distress history due to more than 10 percent reduction in
number of failures over time, or questionable distress data.

e Review by IDOT’s district and central office personnel.

Data points with a code of 2 or 3 were excluded from any further analysis.
Furthermore, data points with a code 1, 2, and 3 were not used in the regression analysis.
In spite of the extensive data examination, the data still showed high variation. This can
be attributed to sampling only about 10 percent of the entire project and differences in
survey methods. For example, the 1994 survey was conducted using video taping while

previous surveys were conducted manually.

DISTRESS TYPES AND OCCURRENCE

Edge Punchouts

This distress occurs when a portion of the concrete slab of the driving (truck) lane
at the free edge between two cracks punches down. Edge punchout is the primary
structural distress in CRCP. It is caused primarily by repeated traffic load and loss of
support. The mechanism of edge punchouts in Illinois was identified as described below.
3

o Localized loss of support underneath the slab results from, repeated heavy

axle loads, free moisture accumulation, disintegration of stabilized base, and

pumping of stabilized or granular base.



e High deflection in the CRCP slab results in increased stress in the
reinforcement and slippage between the reinforcement and concrete, that lead
to widening of cracks. This leads to greater vertical shear. Also, high tensile
stress in the steel can cause the fracture of surrounding concrete which, under
traffic loading, results in future widening of transverse cracks. (6)

e Repeated traffic loads break down aggregate interlock across wide transverse
cracks and causes them to rupture the steel.

e When the aggregate interlock is lost, the steel ruptures due to excessive
vertical shear and corrosion.

e At this stage, the load transfer across the transverse crack is lost. Thus, the
portion of the concrete slab between the two closely spaced transverse cracks
acts like a cantilever beam. Traffic loads on the outer wheel path cause
excessive tensile stress at the top of the slab in the transverse direction and a
longitudinal crack forms between the two transverse cracks.

e Additional traffic loading causes the outside portion of the slab to depress into
the base.

e The depth of the steel has a dramatic effect on crack width as subsequently

noted.

D-Cracking
D-cracking is a series of many hairline cracks that become connected and allow the
concrete to spall and disintegrate from freeze thaw action. It is a serious problem in

Illinois, and it has affected about 50 percent of the State’s CRCP. The average life of



CRCP with D-cracking is 25 percent shorter than the average life of CRCP without D-
cracking. (5) D-cracking is caused by expansive pressure of certain types of coarse

aggregates when frozen.

While the punchout is the most sever distress, other distresses that occur in CRCP
include blowups at construction joints and existing transverse cracks, longitudinal
cracking caused by inadequate longitudinal joint formation, and sever transverse cracking

caused by longitudinal steel ruptures.

FACTORS AFFECTING CRCP PERFORMANCE

The effect of several design and construction features on the performance of
CRCEP is presented in this section. The investigation is based on regression analysis and
summary statistics of Illinois data, field experimental sections, and data from the

literature.

Regression analysis is used to investigate the effect traffic loading, slab thickness,
percent steel, base type, reinforcement placement method, and D-cracking on the total
number of localized failures in CRCP. The total number of failures per 1.61 km (1 mi) is
computed as the sum of punchouts, existing repairs, ruptured steel transverse cracks, and
localized failures (potholes). After examining several model forms and conducting a

variety of analyses, the following model was found to be the best:



Log . FAIL = 11.57-2.11 * SLABTHICK %% _ 11.806 * PSTEEL °*
+ 1.643 * log(CESAL) - 0.14 * CAM - 1.534 * BAM
- 0.465 * GRAN - 0.01 * CHAIR * log.(CESAL) + 0.397 * DC
where:
FAIL = Number of failures in the outer lane, #/ 1.61 km (1 mi).
SLABTHICK = CRCP slab thickness, in.

PSTEEL = Longitudinal reinforcement, percent.

CESAL = Cumulative ESALSs since construction, million.

BAM = 1 if base material is bituminous-aggregate mixture,
0 otherwise.

CAM = 1 if base material is cement-aggregate mixture,

0 otherwise. A limited number of lean concrete sections were

included in the model development.

GRAN = 1 if base material is granular mixture,
0 otherwise.
CHAIRS = 1 if chairs used in reinforcement placement, O if tubes used.
DC = 1 if D-cracking exists, O otherwise.
Model Statistics: R’ =0.57

Standard Error=4.11 failures per 1.61 km

N =909



Figure 1 shows the correlation between predicted failures from the above model

and the actual failures from the field surveys.
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Figure 1. Actual versus predicted failures per 1.61 km (1 mi).

Percentage of Steel and Slab Thickness

Figure 2 shows the effect of slab thickness and percent steel on CRCP localized
failures at 20 million ESALSs using BAM base, chairs for placing steel, and no D-
cracking. The worst performance occurs in thin slabs [178 mm (7 in) or less] with a low
percentage of longitudinal steel (less than 0.6). Obviously, increasing thickness or
percentage of steel (or both) reduces the number of failures. However, a higher
longitudinal steel content has a greater effect on reducing failures in 178-mm (7-in) slabs
than in 203-, 229-, or 254-mm (8-, 9-, or 10-in) slabs. Figure 3 shows the effect of slab
thickness and cumulative ESALs on number of failures per 1.61 km (1 mile) in a typical

project that contains steel placed on chairs, has 0.62 percent steel and BAM base, and

10



does not exhibit D-cracking. Increasing cumulative ESALs increases the number of
failures in 178-mm (7-in) and 200-mm (8-in) slabs in a much faster rate than in thick

slabs [229 mm (9 in) or 254 mm (10 in)].
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Figure 2. Effect of steel content on CRCP performance based on prediction model.
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Figure 3. Effect of slab thickness on CRCP performance based on prediction model.
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Table 7 summarizes the average cumulative ESALs and number of failures for
Illinois sections with realistic performance history (i.e., data with a quality code =0, 1, or
2), grouped by slab thickness and percentage of steel. For all levels of steel content, the
higher the slab thickness, the lower the average number of failures per km. On average,
the worst performance (19.4 failures/km [31.2 failures/mi]) occurs in the 178-mm (7-in)
slabs with a low percentage of longitudinal steel. On the other hand, the best
performance (no failures) occurs in the 254-mm (10-in) slabs with a high percentage of
longitudinal steel (0.7 to 1 percent). However, where 178-mm (7-in) CRCP has high

steel content (>0.7 to 1.0), its performance is very good even with high traffic.

Table 7. Summary of CRCP performance by slab thickness and longitudinal steel.

Longitudinal Catesory Characteristics Slab Thickness, mm (in)
Steel, % ategory 178 (| 203(8) | 229(9) | 254 (10)

Average failures/1.61 km (1 mile) 31.2 2.3 1.39 1.0

<0.6 Average ESAL, million 4.81 3.61 6.23 9.28
No. of data points 4 5 1 16

Average failures/1.61 km (1 mile) NA 4.1 39 275

0.6 - <0.65 |[Average ESAL, million NA 5.78 9.13 24.2
No. of data points 0 417 320 8

Average failures/1.61 km (1 mile) 345 2.67 NA NA

0.65-<0.7 |Average ESAL, million 6.33 6.12 NA NA
No. of data points 8 30 0 0
Average failures/1.61 km (1 mile) 7.1 2.9 1.5 0

0.7-1.01 |Average ESAL, million 6.1 35 4.35 16.9
No. of data points 74 6 14 20

The higher the reinforcement content the closer the crack spacing. Many of
Hlinois CRCP have very short crack spacing (<1 m [3 ft]) including most of the best
performers. These CRCP have close crack spacing and very tight cracks and have shown

excellent long-term performance under heavy traffic. After 50 years on the US40

12




Vandalia CRCP, the 1.0 percent steel section has a very close crack spacing (about 0.7 m

[2 ft]) with no punchouts and tight cracks.

Steel Placement Method

One key purpose of this study was to compare the performance of CRCP with
steel placed on chairs and CRCP with steel placed using tubes. The regression analysis
shows that there is no significant difference in performance between the two steel
placement methods when considering the traffic loading carried by the pavements.
Figure 4 shows that there is hardly any difference in number of failures between the tubes
and chairs methods for a typical CRCP project with a slab 203 mm (8 in) thick, BAM
base, 0.62 percent steel, and no D-cracking. However, if chairs are used, the pavement is

expected to perform slightly better at high traffic loading levels.

40
%Steel = 0.62
35 1 1Thick=203mm @imy| ~~ "7ttt
304 (Base=BAM |
No D-Cracking

Failures, No./1.61 km (1mile)

Cumulative ESALSs, million

Figure 4. Effect of steel placement method on CRCP performance
based on prediction model.
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A survival analysis was conducted to compare the two methods based on time to
overlay and ESALSs carried to overlay using the LIFETEST procedure available in the PC
SAS software. Figures 5 and 6 show that there is no significant difference between the
two methods in terms of number of years to overlay or ESALSs carried to overlay.
Sections with steel placed on chairs have lasted, on average, about one year longer and

carried one million ESALs more until overlay than sections with steel placed by tubes.
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Figure 5. Age survival curve (chairs versus tubes).
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Figure 6. ESAL survival curve (chairs versus tubes).

Base Type

The regression analysis shows that sections with BAM base performed better than
sections with CAM or GRAN base. Sections with GRAN base performed better than
sections with CAM base. However, the strength of the CAM base may not have been
adequate. As shown in table 4, there were far fewer sections with CAM or GRAN base
than sections with BAM base. Sections with any of these base types performed better
than sections without base and placed on the subgrade (US 40, Vandalia). This is
demonstrated in figure 7 for a typical CRCP project with a slab that is 203 mm (8 in)
thick, contains steel placed on chairs, has a 0.62 percent steel content, and does not

exhibit D-cracking.

15
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Figure 7. Effect of base type on CRCP performance based on prediction model.

Depth of Steel

Illinois has constructed an experimental project on I-70 where the depth of steel
was varied from 51 to 102 mm (2 to 4 in) from the top of the 203-mm (8-in) slab. (7)
The pavement was opened to traffic in 1963. As summarized in table 8, the results
showed that the closer the steel is to the surface of the slab, the tighter the transverse
cracks remain and the fewer punchouts develop over many years. At least 76 mm (3 in)
of cover is needed however, for construction and to keep chlorides from reaching the
steel Illinois currently places reinforcement about 89 mm (3.5 in) deep in a 254 to 305-
mm (10 to 12-in) CRCP. Proper depth of steel is critical to successful performance of

CRCP.

16



Table 8. Effect of reinforcement depth on CRCP performance, I-70 experiment. (7)

Reinforcement Crack Width in Winter, Patching, ft*/1000 ft*
Depth, mm (in) | mm (in) (m%/1000 m? )

(pavement age = 9 years) | (pavement age = 14 years)
51(2) 0.475 (0.0187) 7.0 (7.0)
76 (3) 0.7925 (0.0312) 12.7 (12.7)
102 (4) 0.8306 (0.0327) 30.9 (30.9)

Based on a previous investigation, a crack width of 0.51 mm (0.02 in) is required.
(8) Thus, 0.51 mm (0.02 in) is recommended as the design crack width to protect against

spalling and water penetration.

Other factors that may affect the performance of CRCP include epoxy coated steel
bars and pavement stiffness. Unfortunately, there is not enough data to discover any
performance differences between CRCP with epoxy-coated steel and CRCP with plain
steel. However, if the epoxy reduces the bond between the concrete and reinforcement,
the cracks may widen and eventually lead to punchouts. Previous research efforts
indicated that the slab rigidity (D) characterizes the effective pavement stiffness along the
edge better than the radius of relative stiffness (I). (9) It is recommended that the
deflection data on Illinois CRCP be used to backcalculate D and that potential

relationships between D-value and the cracking pattern be investigated.

17



SUMMARY AND CONCLUSIONS

This report reviews the design and performance of CRCP in Illinois. Analysis of

over 2791.6 km (1733.9 miles) (two directions) of Illinois CRCP divided into 476

pavement management sections indicated the following:

CRCP of all thickness designs and steel content have carried more ESALSs and
have lasted 2 to 6 times longer than they were designed.

CRCP sections with a slab 178 mm (7 in) thick and a steel content less than
0.6 percent have the most failures among all sections under study.

CRCP sections with a slab 254 mm (10 in) thick and a steel content from 0.7
to 0.8 percent have the lowest failures among all sections under study.

A higher longitudinal steel content has a greater effect on reducing failures in
178-mm (7-in) slabs than in 203-, 229-, or 254-mm (8-, 9-, or 10-in) slabs.
Field results clearly show that crack tightness is critical, whereas, crack
spacing can be very short (<1 m [3 ft]). Increased steel content keeps tight
cracks and short crack spacing.

No significant difference occurred between the performance of CRCP with
steel placed on chairs and steel placed using tubes.

Sections with bituminous-aggregate mixture base performed better than
sections with cement-aggregate mixture base or granular base. Sections with
any of these base types performed better than sections without base.

The closer the steel is to the surface of the slab, the tighter the transverse

cracks remain and the fewer punchouts develop over many years. At least 76

18



mm (3 in) of cover is needed however, for construction and to keep chlorides

from reaching the steel.
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APPENDIX (DATABASE)






Abbreviations
Rte

Dir

BMP

EMP

Type
PavThick

BubType
SubThick
Chairs
Drain
StlType
StIDiam
StlSpacing
%Steel
Age
CESAL
M&HSevDC
Distress Yt
Fail/Mile
District
ClimZone
FI

Temp
Prec
CikSps
Code

NA

Route

Direction

Beginning milepost

Ending milepost

Pavement type

Slab thickness, in

Subbase type

Subbase thickness

1 if chairs used, 0 if tubes used

Y if subdrainage installed

Steel type

Steel diameter, in

Steel spacing, in

Percent longitudinal steel

Pavement age, years

Cumulative ESALS, million

Y if medium or high-severity D-cracking exists, N otherwise
Distress survey year

Number of failures per mile in the outer lane

IDOT district

Climatic zone

Freezing Index, degree-days

Average annual temperature, °F

Average Annual precipitation, in

Crack spacing, ft

3 if distress history (number of failures/mile) is questionable
2 if number of failures/mile > 100 and distress history is not questionable
1 if number of failures/mile > 50 and distress history is not questionable
0 otherwise

Not Available
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